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The following report summarizes work performed under the
Grant by the National Aeronautics and Space Administration to the
California Institute of Technology. Initiated under Prof. M. L. Williams
as principal investigator, together with Prof. P. J. Blatz and carried
on later by this writer, the program covered a rather wide range of
problems associated with the structural integrity of solid propellant
rocket motors. The writer as well as all the researchers associated
with this work are indebted to the technical cognizance of NASA per-
sonnel, in particular to Messrs. R. Ziem, P. Wetzel, R. Wassel,
and G. Lewis (JPL) with the assistance of Mr. E. Duran (JPL) in
fostering a research atmosphere that has, we believe, produced a
significant advance in the understanding of failure behavior in visco-
elastic materials.
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REVIEW
The work under this grant covered a wide range of topics and
produced a large number of reports. It would seem unnecessarily
repetitive to review the contents in any detail here since these
reports are available. There appeared a total of about 75 reports
which have appeared as GALCIT (Graduate Aeronautical Laboratories,
California Institute of Technology) reports, in the bulletin of the
Interagency Chemical Rocket Propulsion Group, as well as in archive
journals and in books. But instead of presenting here a comprehen-
sive review it appears more appropriate to trace the major develop-
ments and subjects covered under this grant, referring to reports
listed in the bibliography at the end of this report. In addition, it
appears desirable to highlight these remarks with the appending of
several publications of those papers for ready reference which may
be considered milestones in the progress of work under this grant.
As is the case with such scientific work, such milestones soon
become superseded as new ideas are derived from them and are
developed further, thus leading to a progressively better understand-
ing of the problems under consideration.
Properties of Composite Propellant, Binder and Granular Aggregate
The initial effort was expended on understanding the mechan-
ical properties of composite propellants excluding fracture. In this
endeavor it seemed obvious at the outset that one would have to
understand first the mechanical behavior of the granular constituents
and that of the polymeric binder separately. Accordingly several
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studies dealt with viscoelastic material characterization (1-8)* and
with the time-dependent deformation characteristics of a granular,
unbonded medium (9, 10). It did not become clear until we understood
the time-dependent fracture of the binder material better at a later
time, that some relaxation or creep phenomena should occur only for
the composite material, that is relaxation and creep phenomena
resulting from growing voids or cracks which are induced by the
granules in the binder matrix.
Large Deformation Analysis. Since the deformations usually encount-
ered in solid rocket motors tend to be larger than those considered
admissible under a linearized theory of (visco)elastic deformations,
it seemed appropriate to tool up for handling large deformation prob-
lems relating to motor deformations. Such problems are recorded
in references 11 through 16, including one relating to stress concen-
tration in a sheet containing a hole under biaxial tension as a model
for a flaw in a solid undergoing large deformations (17).
Fracture Theory. The major aim of the performed work was to
obtain understanding of the fracture behavior of viscoelastic solids.
Accordingly studies were performed on the distribution of stresses
in cracked structures. These analyses drew on linear (18-20) as
well as nonlinear elasto-statics (17, 21), and emphasized a thorough
understanding of the stress distributions in geometries used in exper-
imental work.
*Numbers in parentheses denote references at the end of this summary.
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Starting from molecular concepts of fracture the time-dependent
failure in elastomers was the subject of detailed study. At the time,
characterization of failure was usually discussed in terms of uniaxial
tensile data, and therefore most of the early work in failure analysis
dealt with that special case of stress state. A theory based on a mar-
riage of chemical reaction rate and fracture mechanics produced good
correlation with experiments under monotonic load histories (22-25)
and illustrated the problem of cyclic fatigue (29-32) and the role of
dissipation played in that process (29). The same theory pointed out
the shortcomings of the failure-envelope concept as a criterion for
failure (25).
It soon seemed evident, however, that this rate theory was
inadequate to describe fracture in more complicated stress states;
at any rate, it appeared that there should exist a less cumbersome
way of computing fracture behavior. A more mechanics oriented
approach with the behavior of cracks appeared more promising than
one tied to the physical chemistry. A start in that direction was the
development of a model for the transient growth of cracks in a visco-
elastic sheet by M. L. Williams (35), with a further development
devoted to a generalization of the Orowan-Irwin fracture energy of
plastic energy dissipation to include energy dissipation due to visco-
elastic processes (36). A series of reports on fracture behavior
followed which became increasingly more refined both with respect
to the physical modelling and with respect to the analytical treat-
ment (37-54). They range from quasi-elastic analysis (40, 41, 49, 50),
via elastic-viscoelastic analogy (52) to full-fledged viscoelastic
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treatments (43-46, 48, 53, 54) and resulted in a review of fracture in
viscoelastic solids (55). The improvements in understanding the
fracture process in viscoelastic solids came primarily from a more
detailed treatment of the material in the immediate vicinity of the
crack tip than had been attempted before (44, 47, 48, 53, 54). The new-
est developments of this theory of failure by time-dependent crack
propagation show excellent corroboration with experiments. They
contain the fracture of brittle solids as a special case and bring the
fracture of viscoelastic solids in line with fracture treatments of
rate-insensitive solids (53, 54).
-6-
PRESENT STATE OF KNOWLEDGE
The work under this grant has produced a theory of fracture
which is well corroborated by experiments. Furthermore we also
understand the limitations of that theory although that understanding
has yet to be fortified by further experiments. Within these (possible)
limitations we are now able to understand what controls the fracture
process. (See, e. g. ref. 54, the second to the last paper appended.)
We are able to identify how the geometry of the structure
and the loads acting on it influence the failure process. Next we
know how the viscoelastic deformation characteristics of the bulk
elastomer influences the failure behavior. In addition we have estab-
lished what additional material parameters control the fracture pro-
cess. These parameters have been found to be material constants
for the polyurethane elastomer used in our experimental investiga-
tions. Moreover, these parameters should depend on the molecular
parameters of the material which are commonly employed in charac-
terizing polymers from the viewpoint of physical chemistry.
We believe that we have thus provided a framework by which
the macroscopic failure behavior can be linked in a rational way to
the molecular structure of polymers. Such an association is very
important in providing the chemical physicist and the chemical syn-
theticist with information for designing materials with improved
strength characteristics. Although this potential bridge between
macroscopic and microscopic properties, the detailed nature of this
bridge, i. e., the functional dependence of the two fracture parameters
on molecular parameters must yet be delineated through experiments.
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We believe that such experiments carry great hope for further under-
standing the failure behavior of viscoelastic solids.
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APPENDED PAPERS
In order to present some detail of past work for ready refer-
ence, several papers are included in this report. These papers
represent a chronological development of the fracture work per-
formed under this grant and represent the essence of the work in
scope if not in full detail. They are identified in the list of refer-
ences by numbers in square brackets which indicate their order of
appearance in the appendix.
EDUCATIONAL RESULTS OF THE GRANT
It seems of interest to add to the technical accomplishments
those derived from the grant measured in less tangible educational
benefits. There were associated with the program some 21 students,
each for three months or longer. Of these, 12 have gone on to re-
ceive, or are in the process of obtaining a Ph. D. Of the latter,
4 have obtained their Ph. D. degree with almost continuous support
under this grant.
In addition, 9 postdoctoral fellows and 3 professional re-
searchers have contributed to the work under this grant.
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